Subsurface erosion threatens the stability of levees and earth dams. A less understood aspect of subsurface erosion is the erosion potential of peat. In the Sacramento-San Joaquin Delta in California, some levees were built on peat deposits. This paper reports the preliminary laboratory study of subsurface erosion of peat. Two types of peats are tested. Hole erosion tests are conducted using a triaxial apparatus. The triaxial cell is modified to allow the eroded peat particles to exit the cell into a pressurized sedimentation tank. The peat specimens are saturated and consolidated under four different effective stresses. Then hydraulic gradient is incrementally applied to the specimen to find the critical hydraulic gradient. Based on the preliminary research, it is concluded that (1) when peat is consolidated under embankment load, even with small effective stress of 34 kN/m 2 , internal erosion is less likely to occur, (2) due to the high compressibility of peat, consolidation under increased embankment loads tends to close (or heal) initially formed piping channels.
INTRODUCTION
Subsurface erosion has been one of the most prevalent causes of catastrophic failure of levees and earth dams. The devastating impact of Hurricane Katrina on New Orleans's levees galvanized public awareness of the fragility of California's 13,700-mile levee system. During Hurricane Katrina, three levee breaches were possibly caused by underseepage-induced failure due to piping (Seed et al., 2008a (Seed et al., , 2008b Sills et al, 2008) . Subsurface erosion has three forms ( Figure 1 ): (1) heaving or sand boil -the upward movement of soil particles when subjected to a high seepage gradient in the vicinity of the exit flow; (2) piping -soil particles inside the soil matrix are entrained and washed out of the matrix by concentrated seepage, forming a tubular pipe that progresses from downstream to upstream; the pipe can develop into a large tunnel that may collapse; (3) suffusion -the entrainment of fine soil grains and their subsequent deposition in the pores that are formed by coarse grains; suffusion may be caused by discontinuity or segregation of soil particles and it can form large local cavities. Subsurface erosion weakens a levee that could breach unexpectedly as in the case of the Jones Tract levee failure in Stockton, California (Figure 2 ). The breach occurred on a sunny day and was not caused by either overtopping or seismic activity. Although the exact cause was never determined, it was deemed that subsurface tunnels caused by erosion and/or burrowing animals coupled with high water level initiated the failure. The levee failure took approximately $90 million to repair. An understudied aspect in subsurface erosion is the erosion potential of peats. Peat deposits are the partly decomposed and fragmented remains of plants that have accumulated under water. In the U.S., peat deposits are found in forty-two states and their properties are significantly different from those of inorganic soils (Mesri and Ajlouni, 2007) . In two of the major levee breaches in New Orleans during Hurricane Katrina, organic soils were present (Seed et al., 2008a (Seed et al., , 2008b Sills et al., 2008) . In the Sacramento-San Joaquin Delta, many levees were built upon peat deposits at shallow depth. Peat is usually considered to have high erosion resistance due to its high organic content and fibrous aggregates. However, the low specific gravity of peat solids (1.5 -1.65) (Mesri and Ajlouni, 2007) and high permeability at low confining pressure could subject peat to erosion. Understanding the subsurface erosion of peat may help evaluate the levee system in the Sacramento-San Joaquin Delta. The objective of this research is to investigate the erosion potential of peats.
Erosion tests are used to study the erodibility of soils and to quantify erosion parameters. Common experimental methods for internal erosion include pinhole erosion test (Sherard et al., 1976; ASTM, 2006) , hole erosion test (Farrar et al., 2007; Wan and Fell, 2004; Leonards et al., 1991; Reddi et al., 2000; Burns and Ghataora, 2007) , and slot erosion test (Sherard et al., 1984; Kohno et al., 1987; Wan and Fell, 2004) . In these tests, a hole or a slot is formed in the soil sample housed in a rigid column; the soil is then subjected to a hydraulic gradient. Another type of test, in
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Middle River which no hole is pre-made in the soil specimen, is employed to assess the internal instability and suffusion of soils (Leonards et al., 1991; Fell, 2004, 2008) . A common disadvantage of these tests is that in-situ soil pressure and pore water pressure in levees and their foundations are not simulated and the possible effect of the in-situ stress/pressure conditions on internal erosion is not considered. To model the in-situ stress conditions, triaxial tests can be used to study suffusion and piping. Sanchez et al. (1983) were the first researches to evaluate the erosion potential of embankment core materials using triaxial erosion tests. The recent experiments by Bendahmane et al. (2008) revealed the complex effects of confining pressure on suffusion and piping. The preliminary true-triaxial tests by Richards and Reddy (2008) indicated that the confining stress and pore pressure are critical to piping initiation.
EXPERIMENTAL METHODOLOGY
Two types of peats were sampled and tested. One (here named as Peat A) was sampled on the surface of a dry riverbed in Kerman, California; the other (here named as Peat B) was sampled at the landside foot of the Lower Jones Tract levee (Figure 3) in Stockton, California. The sampling location of Peat B is approximately half mile (along the levee longitudinal direction) to the 1984 levee breach section. When peat is sampled out of the ground, it has access to oxygen and is subjected to higher temperature and the rate of biochemical degradation is greatly enhanced (Mesri and Ajlouni, 2007) . So the sampled peat is sealed and kept at room temperature (22°C) before soil testing. The grain size distributions of the peats are shown in Figure 4 (obtained using sieve analysis and hydrometer test), and the basic soil characteristics are listed in Table 1 . Peat A has light color, contains visible fibers, and has much larger particle sizes, and it is non-plastic; peat B is dark, much finer, and highly plastic. They are both light and have similar organic matter content and specific gravity. The triaxial experimental setup for the erosion tests is shown in Figure 5 . To allow the effluent with eroded particles to exit the cell, a new pedestal is made with an inverse cone-shaped void. The void is covered by a stainless steel mesh supported by two steel bars (Figure 5b ). The mesh opening is so chosen that most of the soil particles can exit the cell, meanwhile the specimen can be supported on the pedestal. The peat is first compacted into a cylindrical specimen with a diameter of 2.8in (7.1cm) and a height of 5.6in (14.2cm). For peat A, it is compacted at a dry density of 0.79 g/cm 3 or 80% of the maximum dry density at the optimum moisture content of 46.0%; for peat B, it is compacted at a dry density of 0.49 g/cm 3 or 76% of the maximum dry density at the optimum moisture content of 99.6%. Modified hole erosion tests are performed -a hole of 1.0cm in diameter is preformed through the specimen during the sample preparation (Figure 5c ). The specimen is first saturated at incrementally specified confining and pore pressures. Then the consolidation occurs by applying the confining and pore water pressures as shown in Table 2 . After a 24hr consolidation period, downward seepage through the specimen is induced by creating a hydraulic pressure difference across the specimen. During the erosion test, an influent tank (4L in volume) is connected to the inlet (top) of the specimen to supply water, and an effluent tank is connected to the outlet (bottom) of the specimen to collect the effluent and eroded particles (Figure 5a ). The water pressures in the tanks are regulated by the master control panel. So the pore water pressure in the soil is maintained constant. The hydraulic gradient across the specimen is measured by the pore pressure transducers and recorded by the automatic data acquisition unit. Flow rate is periodically measured using the burettes on the control panel.
Four erosion tests were performed using Peat A (fibrous and non-plastic) and Peat B (highly plastic) under different confining and pore pressures. The test parameters are summarized in Table 2 . 2.3×10 -6
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RESULTS AND DISCUSSION
The four tests (as showed in Table 2 ) yielded the following preliminary observations:
• Test 1 using Peat A: No erosion occurred at the maximum hydraulic gradient of 65. At the end of the test, it was observed that the hole in the specimen remained open, therefore, permeability is not reported. Relatively high seepage rate of 5.5 ml/sec was measured at the maximum hydraulic gradient of 65.
• Test 2 using Peat B: No erosion occurred at the maximum hydraulic gradient of 201. The soil specimen was examined at the end of the test. It was observed that the initial hole was completely closed during saturation and consolidation at the confining pressure of 365 kN/m 2 and the effective stress of 90 kN/m 2 . The specimen was consolidated, causing the permeability to reduce to 3.3×10 -7 cm/sec (note: the initial permeability is 2.2× 10 -3 cm/sec using the rigid-wall falling-head method). Extremely low seepage rate of 2.6×10 -3 ml/sec was recorded at the maximum hydraulic gradient of 201.
• Test 3 using Peat B: No erosion occurred at the maximum hydraulic gradient of 100. At the end of the test, it was observed that the hole was completely closed during saturation and consolidation at the confining pressure of 207 kN/m 2 and the effective stress of 69 kN/m 2 . The specimen was consolidated, causing the permeability to reduce to 2.3×10 -6 cm/sec. Low seepage rate of 6.7×10 -3 ml/sec was recorded at the maximum hydraulic gradient of 100.
• Test 4 using Peat B: No erosion occurred at the maximum hydraulic gradient of 55. At the end of the test, it was observed that the hole was completely closed at a relatively low confining pressure of 105 kN/m 2 and effective stress of 34 kN/m 2 . The specimen was consolidated, causing the permeability to reduce to 1.1×10 -6 cm/sec. Low seepage rate of 1.7×10 -3 ml/sec was recorded at the maximum hydraulic gradient of 55.
The complete closure of the preformed piping channel is due to the high compressibility of the plastic peat. Since the authors intended to study the subsurface erosion of peat at in-situ condition, the specimens of Peat B were compacted at a low density (0.49 g/cm 3 ), only slightly higher than the in-situ density of 0.46 g/cm 3 . The peat with this density may not be strong enough to maintain the hole even at a low effective stress. Once the piping hole is closed, the peat continues to consolidate, reducing the permeability by 3 to 4 orders of magnitude. As pointed out by Lea and Brawner (1963) and Mesri and Ajlouni (2007) , a distinctive characteristic of fibrous peats is their very high initial permeability; under typical embankment loads, their permeability decreases dramatically due to their very large compressibility. Moreover, after the peat B consolidated under various embankments loads, no suffusion was observed. As the seepage slowly permeated through the specimen, it was observed that black colloids exited the specimen; this is due to the diffusion of organic content. Negligible mass of solids was collected in the effluent tank. After the initially preformed hole closed, suffusion did not occur at high hydraulic gradient from 55 to 201, which is not common (if not impossible at all) for levees and earth dams. So the tests conducted under the stress and density conditions in this paper suggest that internal erosion is likely to occur.
An initial internal hole in a levee could be formed due to the factors such as hydraulic fracturing, seismic activities, or burrowing animals (beavers are known to burrow into levees in the Sacramento-San Joaquin Delta). If such a channel is formed under a given embankment load, the already consolidated peat does not undergo further consolidation and the hole could stay open. Then concentrated seepage in the channel could induce further erosion. The authors are continuing the experimental research to test this speculation.
